Sialic acids are a group of nine-carbon carboxylated sugars widespread on the cell surfaces of animal tissues 1 . The removal of sialic acids from various glycoconjugates by sialidases (neuraminidases) is a key biochemical event associated with infection, apoptosis and signaling 2 . As shown in Scheme 1, sialidases typically hydrolyze sialoglycosides to release N-acetylneuraminic acid (Neu5Ac, 1). Trypanosomal trans-sialidases can also hydrolyze sialosides, but their major function is to transfer Neu5Ac from α2,3-sialosides to another sugar 3 , while the leech intra-molecular (IT) trans-sialidase produces 2,7-anhydro-Neu5Ac (2), instead of Neu5Ac (1) 4 .
Streptococcus pneumoniae is a human pathogen responsible for respiratory tract infections, septicemia, and meningitis, and it expresses up to three sialidases, two of which (NanA, NanB) are validated pneumococcal virulence factors and potential drug targets 5-7 . All three sialidases possess a carbohydrate-binding module (CBM) in addition to the catalytic domain. A study of clinical isolates of S. pneumoniae showed NanA, NanB and NanC to be present in 100%, 96% and 51% of strains, respectively, with NanC more prevelant in cerebrospinal fluid 7 . NanA is anchored to the bacterium's outer membrane and its CBM has recently been shown to be a key determinant in enabling the bacterium to cross the bloodbrain barrier 8 . Despite the fact that these three pneumococcal sialidases are known virulence factors, the precise function and role of these enzymes is less well understood. Therefore, the aim of this study was to characterize the sialidase activities of the three sialidases by NMR and kinetics, to see if any variation may help explain different roles in pneumococcal infection. NanA had previously been shown to cleave α2,3-, α2,6-and α2,8-linked sialic acids using the thiobarbituric (TBA) assay 9 . The 1 H NMR experiments herein show that NanA acts as a typical exo-sialidase, hydrolyzing α2,3-or α2,6-sialyllactose (3SL or 6SL) to release α-Neu5Ac (1). In solution, 1 then gradually mutarotates to β-Neu5Ac (3), the more stable isoform (Figure 1a for 3SL, Figure S4 .1 for 6SL). Our previous NMR studies showed NanB to be an intramolecular trans-sialidase producing 2,7-anhydro-Neu5Ac (2) from α2,3-sialosides 9 and this has been confirmed in a crystal structure 10 .
Scheme 1. Reactions catalyzed by different sialidases.
The initial product of the NanC catalysed cleavage of 3SL surprisingly failed to react in the TBA assay.
1 H NMR experiments showed that NanC initially makes only 2-deoxy-2,3-didehydro-N-acetylneuraminic acid (Neu5Ac2en, 4) from 3SL (but not from 6SL) (Figure 1b) , that is unable to react with TBA reagents. Although the sialidases from influenza B virus and Vibrio cholerae have been shown to release very small amounts of Neu5Ac2en as a by-product 11, 12 , NanC converts 3SL to Neu5Ac2en directly with a k cat of ~19 min -1 (Table 1) .
Neu5Ac2en is a general sialidase inhibitor thought to mimic the transition-state sialyl cation in the sialidase mechanism. It inhibits NanA and NanB with a K i of 2µM and 0.3mM, respectively 9 . Upon 3SL depletion in the reaction, NanC starts to hydrate the accumulated Neu5Ac2en to Neu5Ac by attacking C2 at the axial position. In the 1 H NMR spectra (Figure 1b ), this is reflected by the appearance after several hours of a unique doublet at δ2.05 ppm with a coupling constant of 5.05Hz. Note that H3eq appears as a doublet because the NanC catalysed hydration in D 2 O introduces an axial deuterium at C-3. This hydration reaction promoted by NanC was further confirmed by using pure Neu5Ac2en as the substrate (Figure S4 .2). The NanC reaction with 3SL indicates this sialidase may adopt a ping-pong mechanism. Hydration of the alkene double bond by NanC is highly efficient and approximately 500-fold higher than that observed for Clostridium perfringens sialidase NanI. 13 It is possible that the dual function of NanC, producing or eliminating Neu5Ac2en, may be dependent upon which substrate (a sialoside or Neu5Ac2en) is present in higher concentration. 1 H NMR spectroscopy studies of (a) NanA; and (b) NanC with α2,3-sialyllactose (3SL). No activity Table 1 . Kinetic analysis of the pneumococcal sialidases Our 1 H NMR findings clearly show disparate catalytic properties of the three S. pneumoniae sialidases, which might play different but cooperative roles in pneumococcal virulence. NanA's role could be the first-line virulence factor for sialic acid removal; NanB produces 2,7-anhydro-Neu5Ac, which could be a nutritional source for the colonized bacteria; whereas NanC could be a regulator for NanA actions by producing or removing Neu5Ac2en from environments at different stages of pneumococcal infection.
We have previously reported the crystal structures of NanB and the catalytic domain of NanA 9, 14 . A model structure of NanC was made based on NanB, with which it shares 50% sequence identity. Structural comparisons show that NanA, NanB and NanC present significantly different topologies around the active site (Figure 2a) . In NanA, the catalytic cavity is flat and open, allowing easy access for various substrates or water molecules to aid hydrolysis. However, both NanB and NanC present a relatively narrow cleft for catalysis, due to the presence of a bulky tryptophan (Trp674 and Trp716 in NanB and NanC, respectively). This tryptophan is conserved in the leech sialidase 4 and T. cruzi trans-sialidase, 3 where it provides a platform for an α2,3-linked galactose, and produces steric hindrance of α2,6-and α2,8-linked substrates. Moreover, Phe396 and Trp581 in NanC would further contribute to a hydrophobic environment for catalysis. Figure 2b depicts the superimposition of pneumococcal sialidases structures, and shows that the residues forming the hydrophobic pocket accommodating the acetamido group also vary significantly between the sialidases. In spite of these differences in hydrophobic residues within the catalytic domain, the three pneumococcal sialidases share the conserved catalytic residues including a tri-arginine cluster that interacts with the carboxylate group of sialic acids, a nucleophilic tyrosine with its associated glutamic acid residue, an aspartic acid above the sugar ring that acts as an acid/base, as well as a hydrophobic pocket accommodating the C-5 acetamido group (Figure 2b, Figure S3 , Table S1 ). These are the features required for catalysis, which comprises a distortion of the sugar ring to a boat conformation (B 2,5 ) upon binding and subsequent formation of a transition state with the formation of the 4 H 5 half-chair oxocarbonium ion or covalently-bonded intermediate in a 2 C 5 chair form (Figure 3 ). Given that the three pneumococcal sialidases have the requisite conserved catalytic residues to cleave sialosides, it is reasonable to conclude that it is the final product formation step which is different for each of the sialidases. As depicted in Figure 3 , attack at C-2 position of the oxocarbonium ion by different nucleophiles, such as a water molecule in hydrolytic sialidase, or the O-7 atom of the sialyl cation in IT transsialidase or another carbohydrate acceptor such as βGal in trans-sialidase, the final products could be Neu5Ac, Neu2,7-anhydro5Ac or Neu5Ac-βGal. Here, S. pneumoniae NanA and NanB follow the mechanisms of a hydrolytic sialidase and an IT trans-sialidase, respectively. In the first reaction to produce Neu5Ac2en, NanC might also adopt the generalized mechanism involving the formation of a transition-state sialyl cation or a covalently sialylated enzyme intermediate (Figure 3) . However, in contrast to NanA and NanB, there must be no effective nucleophilic attack happening in the active site of NanC. This may in part be attributable to the hydrophobic environment created by residues stacking around the catalytic cleft, as well as the leaving lactose group covering on top. Furthermore, NanC can only form limited hydrogen bonds with Neu5Ac2en with a low k i of ~3 mM. This also makes the sialyl cation transition state less easily held by NanC, and it is therefore released as the transition-state analogue Neu5Ac2en (Figure 3) . Mutations of Phe396 alone or with Trp581 allow NanC to produce some Neu5Ac, as well as Neu5Ac2en ( Figures S4.3, S4.4) .
The subsequent Neu5Ac2en hydration reaction probably only occurs at high concentrations of Neu5Ac2en, and presumably proceeds via a similar mechanism to that previously reported for catalysis by C. perfringens NanI. 13 Briefly, the electrons in the nucleophilic π bond could attack the proton of the catalytic aspartic acid (Asp315), resulting in the formation of an oxocarbonium ion intermediate. Without any lactose covering on top, water molecules could be readily picked up and activated by Asp315. The water attacks the positive charge at C-2 position to produce a protonated intermediate, which transfers a proton back to Asp315, thus releasing Neu5Ac. An Asp315Ala mutant retains only 2% activity and lacks Neu5Ac2en hydrating capacity ( Figures  S4.5, S4.6 ), further confirming the role of Asp315 in catalysis. To discount the possibility of an elimination reaction, a thiosialoside substrate was examined with NanC by NMR, but this showed no activity ( Figure S4.7) .
The findings reported here, as summarized in Figure 3 , add further evidence to the currently proposed sialidase mechanisms. By adopting distinct catalytic mechanisms, NanA, NanB and NanC might work together to coordinate the sialidase action associated with pneumococcal virulence. Since each of pneumococcal sialidases are potential drug targets, our findings show that, for each of the three distinct sialidases, different strategies may need to be considered for ongoing structure-based drug design.
